Abstract Heat shock proteins (Hsps) are constitutively expressed in cells and involved in protein folding, assembly, degradation, intracellular localization, etc, acting as molecular chaperones. However, their overexpression represents a ubiquitous molecular mechanism to cope with stress. Hsps are classified into families, and among them the Hsp70 family appears to be the most evolutionary preserved and distributed in animals. In this study, the expression of Hsp70 and the related messenger ribonucleic acid (mRNA) has been studied in Ostrea edulis after exposure to heat and heavy metals; moreover, levels of metallothioneins (MTs), another class of stress-induced proteins, have contemporaneously been assessed in the same animals. Thermal stress caused the expression of a 69-kDa inducible isoform in gills of O edulis but not in the digestive gland. Northern dot blot analysis confirmed that the transcription of Hsp69-mRNA occurs within 3 hours of stress recovery after oyster exposure at 32 and 35ЊC. Hsp69-mRNA transcripts were not present in the gills of animals exposed to 38ЊC after 3 hours of poststress recovery, but they were detected after 24 hours. The expression of the 69-kDa protein in O edulis exposed to 38ЊC was rather low or totally absent, suggesting that the biochemical machinery at the base of the heat shock response is compromised. Together with the expected increase in MT content, the oysters exposed to Cd showed a significant enhancement of Hsp70, although there was no clear appearance of Hsp69. Interestingly, the levels of MT were significantly increased in the tissues of individuals exposed to thermal stress. Unlike oysters, heat did not provoke the expression of inducible Hsp isoforms in Mytilus galloprovincialis, Tapes philippinarum, and Scapharca inaequivalvis, although it significantly enhanced the expression of constitutive proteins of the 70-kDa family. The expression of newly synthesized Hsp70 isoforms does not seem therefore a common feature in bivalves exposed to thermal stress.
INTRODUCTION
Cell response to unfavorable conditions includes transient enhancement of the expression of polypeptides known as heat shock proteins (Hsps). Hsps are classified into families and the best known have a molecular weight of 60, 70, and 90 kDa; amongst them, the Hsp70 family appears to be the most evolutionary preserved and distributed in animals (De Maio 1999; Feder and Hofmann 1999) . Within the same family, some Hsp isoforms exhibit detectable levels in unstressed cells and, therefore, are addressed as constitutive proteins; others are induced in response to stress exposure and, therefore, are addressed as inducible proteins (Lindquist 1986 ).
The discovery of Hsps was consequent to heat exposure (Lindquist and Craig 1988) , and heat does remain the prototypical stimulus eliciting their expression (Scharf et al 1998) ; however, many other stimuli are known to alter Hsp biosynthesis, such as osmotic (Tirard et al 1997) and oxidative stress (Mager et al 2000) , hypoxia (Chang et al 2000) , magnetic field (Lin et al 1997) , and a number of other physical or chemical stressors (Snyder et al 2001) . All these disturbances are known to affect the tertiary structure of proteins, and, therefore, are detrimental to cell homeostasis. The protective role of Hsps is widely documented (Morimoto et al 1997; Vayssier and Polla 1998; Santoro 2000) , and all animals studied so far seem to share Hsp overexpression as a universal mechanism for cell survival, with the exception of Hydra oligactis (Bosch et al 1988) and the Antarctic fish Trematomus bernacchii (Hofmann et al 2000) . An important role has emerged regarding cross-protective effects of Hsps because their overexpression induced by a mild stress seems to protect cells against otherwise lethal exposure to other stress stimuli. This observation is considered of primary importance and is at the base of new therapeutic strategies against human diseases (Morimoto and Santoro 1998; Santoro 2000) .
In recent years, interest has grown regarding the cytoprotective and cross-protective role of Hsps in bivalves, often exposed and highly resistant to a variety of environmental stress stimuli. For example, the possibility that a mild thermal stress could enhance the survival of the oyster population subject to mass mortality has been explored (Clegg et al 1998) . Some bivalves, mainly oysters and mussels, are used as sentinel organisms for environmental biomonitoring, and the usefulness of Hsp70 biosynthesis as a biomarker of stress has been suggested, although still under debate (Pyza et al 1997) .
Our previous work focused on the heat shock response in the European oyster, Ostrea edulis (Piano et al 2002) . A characterization of the Hsp70 expression after thermal stress was performed, showing in particular the expression of an inducible 69-kDa isoform sharply appearing in gills and mantle after exposure at 32ЊC or more. This study has been carried out to elucidate the Hsp69 expression and related messenger ribonucleic acid (mRNA) transcription after heat exposure in O edulis and to establish whether the appearance of the 69-kDa isoform is a common feature of bivalves. Moreover, the Hsp70 expression has been evaluated in the gills and digestive glands of oysters exposed to heavy metals. Such evaluation has been carried out in parallel with the assessment of metallothioneins (MTs), low-molecular weight soluble polypeptides rich in SH groups, with high affinity for IB and IIB metal ions, known to be involved in heavy-metal homeostasis and overexpressed at increasing metal concentrations in the environment (Viarengo et al 1999a) . MTs are widely regarded as indices of metal contamination and, therefore, are used as tools for biomonitoring programs (Viarengo et al 1999b) . These experiments were addressed to evaluate the pattern of expression of both groups of cytoprotective proteins in different tissues of oysters exposed to the same stress stimuli.
MATERIALS AND METHODS

Animals
Oysters and other bivalves were collected by fishermen of ''La Bussola'' (Rimini, Italy) along the coast of the northwestern Adriatic Sea. Bivalves were maintained in aquaria containing 60 L of aerated artificial 34 ppt seawater at 18ЊC, under natural photoperiod. They were fed once a day with appropriate algal slurry (Liquifry Marine; Interpet Ltd, Dorking, UK).
Thermal stress
Bivalves were transferred to a water bath set at the selected temperature for the appropriate time according to the experimental protocol and then returned to 18ЊC for 1 to 24 hours.
About 50% of the O edulis exposed to 38ЊC for 1 hour died within 2-3 hours of poststress recovery. All other bivalves survived to 1-hour heat shock at all temperatures tested. Tissues (gills and digestive gland) were rapidly dissected, frozen in liquid nitrogen, and stored at Ϫ80ЊC until analyzed.
Heavy-metal exposure
Ten oysters per treatment were exposed to increasing concentrations (100-500 g/L) of CdCl 2 , ZnCl 2, or their combinations. Water was renewed every day. All individuals survived the 1-week exposure to heavy metals. At the end of the treatment, tissues were rapidly excised, frozen in liquid nitrogen, and stored at Ϫ80ЊC until use.
Hsp70 determination
Tissues were separately homogenized in an ice-cold 10 mM sodium phosphate buffer, pH 7.4, containing 1% Nonidet-P40; 0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate (SDS); 1 g/mL of pepstatin A, E-64, bestatin, leupeptin, and aprotinin; and 25 g/mL of phenylmethane sulfonyl fluoride. After centrifugation at 500 ϫ g for 5 minutes, supernatants (SNs) were diluted 1:1 with a Laemmli buffer (Laemmli 1970) and boiled for 5 minutes. Fifteen micrograms of homogenate proteins was loaded onto 10% polyacrylamide gels. Electrophoresis was carried out with a Mini Protean III apparatus (28 mA, 2 hours at 4ЊC), and the resolved proteins were transferred onto a nitrocellulose membrane (300 mA, 1 hour at 4ЊC). Blots were probed with anti-Hsp70 rat monoclonal antibody; after washings, they were probed with rabbit anti-rat immunoglobulin G (IgG) polyclonal antibody conjugated with horseradish peroxidase. Immunoblots were developed by an enhanced chemiluminescence reagent, and a densitometric analysis of the films was performed by Image Master (Amersham-Pharmacia, Milan, Italy) equipped with TotalLab software.
Hsp70-mRNA detection
The total RNA was extracted from oyster gills by application of 1 mL of TRIzol reagent to approximately 20 mg of fresh tissue, using the protocol described by Chomezynski and Sacchi (1987) . The RNA was quantified by ultraviolet absorbance at 260 nm. Integrity of the total RNA was confirmed by 1% formaldehyde agarose gel electrophoresis. For the Northern dot blot analysis, 20 g aliquot of total RNA for each sample was spotted onto a nitrocellulose membrane. The nitrocellulose was allowed to air dry and then baked at 80ЊC for 2 hours. Blots were prehybridized for 30 minutes at 65ЊC and then hybridized overnight to the fluorescein-labeled molecular probes in a water bath. Immunodetection of the probe hybridization was accomplished by antifluorescein antibodies conjugated to alkaline phosphatase in the presence of a detection reagent. The chemiluminescent visualization was carried out by exposing blots to HyperfilmECL for 4-24 hours. Changes in the level of the expression were determined by densitometric analysis. The linearity of the signal was assessed in the range 10-25 g of the total RNA; 20 g was chosen to ensure a good signal and to avoid loading more than 20 L/well.
Development of molecular probes
Probes were developed by cloning the complementary DNA (cDNA) obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) of the total RNA extracted from heat shocked (1 hour at 35ЊC) oysters. The cDNA fragment of O edulis Hsp69 clone D2 (GenBank accession number: AF416609) was amplified by PCR using Hsp INT-F: 5ЈCAACCGCAGGGGACACTCATC3Ј as forward primer and Hsp INT-R: 5ЈGTCATTGCTCGTTCCCCCT-CA3Ј as reverse primer and extracted from agarose gel using Ultrafree-DA vials. The fluorescein-labeled probe was developed using the Gene Images random prime labeling module. To confirm its specificity, the probe was tested by Northern blotting (data not shown).
Metallothionein quantification
MTs were evaluated in different tissues of O edulis according to Viarengo et al (1997) using the Ellman reagent DTNB (5,5Ј-dilthiobis (2-nitrobenzoic acid)) (Ellman 1959) . Tissues were homogenized in a 20 mM Tris-HCl buffer, pH 8.6, supplemented with 0.5 M sucrose, 0.01% ␤-mercaptoethanol, and a protease inhibitor cocktail. After centrifugation at 30 000 ϫ g for 20 minutes, the SN was resuspended in 49% ethanol plus 3.7% chloroform and recentrifuged at 6000 ϫ g for 10 minutes. Acidified cold 87% ethanol was then added to the SN, and the mixture was stored at Ϫ20ЊC for 1 hour. After centrifugation at 6000 ϫ g for 10 minutes, the pellet was resuspended in 20 mM Tris-HCl buffer, pH 8.6, containing 87% ethanol and 1% chloroform and centrifuged at 6000 ϫ g for 10 minutes. The pellet was dried under a nitrogen gas stream and resuspended in a solution containing 0.16 M NaCl, 0.5 N HCl, and 2 mM ethylenediamine-tetraacetic acid; 0.3 mL aliquots were then added with 4.2 mL of 0.43 M DTNB dissolved in 0.2 M phosphate buffer, pH 8.0, containing 2 M NaCl. Samples were centrifuged at 3000 ϫ g for 5 minutes at room temperature and absorbance of the clear SN determined at 412 nm using reduced glutathione as the reference standard.
Data analysis
Densitometric scanning of the films was performed by ImageMaster equipped with TotalLab software (Amersham-Pharmacia). Data have been subjected to 1-way analysis of variance (SigmaStat, SPSS) to test for significance, and a statistical difference was accepted when P Ͻ 0.05. Given the inherent variation between film development, data were normalized to standard samples that had been included in each experimental protocol.
Chemicals
Anti-Hsp70 rat monoclonal antibody was purchased from Affinity BioReagents (Vinci Biochem, Vinci, Italy) and TRIzol reagent from Invitrogen (San Giuliano Milanese, Milan, Italy). Gene Images CDP-Star detection module, Gene Images random prime labeling module, Hybond N3; nitrocellulose, HyperfilmECL, and other products for Northern dot blot analysis were from AmershamPharmacia Biotech (Milan, Italy). Ultrafree-DA vials were from Millipore (Milan, Italy). Anti-rat IgG conjugated with horseradish peroxidase, acrylamide, N-NЈ-bisphenylacrylamide, TEMED N,N,NЈNЈ-tetramethyl-ethylene-diamine, APS ammonium persulfate, protease inhibitor cocktail, Nonidet P-40, Tween 20, SDS, 2-mercaptoethanol, glycine, Kodak emulsion film, and all other reagents were from Sigma-Aldrich (Milan, Italy).
RESULTS
The expression of Hsp70 in the gills and digestive glands of O edulis is illustrated in Figure 1 . Two bands of molecular weight estimated at about 77 and 72 kDa are shown in the gills and in the digestive glands of animals in physiological conditions; a 69-kDa protein is induced in gills after exposure to thermal stress (35ЊC for 1 hour, plus 24 hours of recovery at 18ЊC). Heat provokes overexpression of constitutive Hsp70 isoforms in the digestive gland, but no appearance of the 69-kDa protein is observed. Heat shocked animals were exposed to 35ЊC for 1 hour and allowed to recover in aquaria at 18ЊC for 24 hours before collecting samples. A representative immunoblot out of 5 separate experiments is reported. Hsp, heat shock protein.
Fig 2.
Northern dot blot analysis in gills of controls (C) and thermalstressed Ostrea edulis exposed to different temperatures for 1 hour and allowed to recover at 18ЊC for 3 hours (upper panel) or 24 hours (lower panel).
Sequencing of inducible hsp70 genes (GenBank accession number AF416609 and AF416608) allowed us to obtain specific probes to assess the pattern of the Hsp69-mRNA expression in the different tissues after thermal stress. A specific fluorescein-labeled molecular probe was developed by cloning the cDNA obtained by RT-PCR of the total RNA extracted from heat-shocked oysters. To provide information on the Hsp69-mRNA expression after thermal stress at different temperatures, a Northern dot blot analysis was carried out. In Figure 2 , the upper panel shows results from a representative experiment during which oysters were exposed to increasing temperatures and allowed to recover for 3 hours at 18ЊC. Transcripts appear after heat shock at 32ЊC and further increase after exposure at 35ЊC. Transcripts are not detected in tissues from unstressed oysters or from animals exposed to 25ЊC. Interestingly, the Hsp69-mRNA expression is not shown by gills of individuals exposed to 38ЊC and allowed to recover for 3 hours. However, transcripts clearly appear after 24 hours of recovery period, as shown in Figure 2 , lower panel. On the contrary, the transcription of Hsp69-mRNA was not carried out in oysters exposed at a temperature lower than 38ЊC, when examined 24 hours after the heat shock. The probe never detected the Hsp69-mRNA expression in the digestive glands of oysters exposed to thermal stress (data not shown).
The expression of newly synthesized Hsp70 isoforms does not seem to be a common feature in bivalves exposed to thermal stress. Individuals from different species were exposed to different temperatures for 1 hour and the synthesis of Hsp70 analyzed in their tissues after 24 hours of recovery (Fig 3) . Regarding O edulis, we can observe the appearance of the 69-kDa protein at temperatures of 32ЊC and 35ЊC; at 38ЊC, Hsp70 is poorly overexpressed, and Hsp69 is not present or is extremely scarce. Besides O edulis, Crassostrea gigas also displays 2 constitutive isoforms in control conditions and a third lower-molecular weight isoform after thermal stress; this protein is well expressed at 38ЊC and 40ЊC, as previously shown by Clegg et al (1998) . On the contrary, heat does not provoke the expression of inducible Hsp isoforms in Mytilus galloprovincialis, Tapes philippinarum, and Scapharca inaequivalvis, although it significantly enhances the expression of constitutive proteins of the 70-kDa family. Similar results also were obtained at a lower percentage (8%) of polyacrylamide, but we cannot exclude the possibility that the members of the Hsp70 family in clams can be better resolved by using different experimental approaches such as 2-dimensional electrophoresis. The effects of Cd and Zn on the O edulis Hsp70 expression were evaluated (Fig 4, upper panels) . Oysters exposed to different Cd concentrations (within the range 100-500 g/ L/d) for 7 days show a dose-dependent enhancement of the Hsp70 expression in their gills compared with control animals (322% at the highest Cd concentration). Similarly, Cd induces significant overexpression of Hsp70 in the digestive gland, up to a maximum of 380% compared with control levels. Concentrations lower than 100 g/L/d caused insignificant effects (data not shown). The image analysis did not indicate clear appearance of the 69-kDa isoform in any tissue after Cd exposure. In the gills and digestive glands of the same animals, levels of MTs were also assessed (Fig 4, lower panels) . As expected, oysters treated with Cd show a significant increase in MT content (208% and 160% at 500 g Cd for gills and digestive glands, respectively). Similar experiments were carried out in the presence of Zn (100-500 g/L/d), but oysters did not show changes in either the Hsp70 expression or MT levels (data not shown). To investigate the possible interaction between the 2 heavy metals and their integrated effect on oyster tissues, we evaluated the Hsp expression and MT levels in the gills and digestive glands of animals exposed to the combinations Cd ϩ Zn. In both tissues, a significant overexpression of Hsp70 (270% and 297% vs control levels, respectively) is observed in re- Western blotting to detect proteins of the Hsp70 family in gills of marine bivalves in control conditions (C) or exposed to different temperatures for 1 hour and allowed to recover at 18ЊC for 24 hours. For each bivalve species, samples from the same experiment were all blotted together. A representative immunoblot out of at least 3 separate experiments is reported. Hsp, heat shock protein. sponse to Cd ϩ Zn at the highest concentration tested (Fig 5) , although the image analysis does not highlight the presence of the lower-molecular weight inducible protein. Significant enhancement of MTs (182% and 145% vs control levels, respectively) is also obtained, but the effect of the combination is always lower than that of Cd alone.
MT levels were also assessed in oysters not treated with heavy metals but exposed to thermal stress for 1 hour at 35ЊC and allowed to recover at 18ЊC for 24 hours.
Interestingly, the MT levels in both gills and digestive glands are significantly increased by heat (Fig 6) .
DISCUSSION
Hsps are constitutively expressed in cells and involved in protein folding, assembly, degradation, intracellular localization, etc, acting as molecular chaperones (Fink 1999) . However, evidence is available that transient acceleration of hsp gene transcription is essential for cell sur- Heat shock protein 70 expression (upper panels) and metallothionein content (lower panels) in the gills and digestive gland of Ostrea edulis in control conditions (C) or treated with CdCl 2 ϩ ZnCl 2 (500 g/L/d) for 1 week. A representative immunoblot out of 3 separate experiments is reported. Samples from the same experiment were all blotted together. *P Ͻ 0.01 vs control levels.
Fig 6.
Metallothionein levels in gills (G) and digestive gland (DG) of Ostrea edulis exposed to thermal stress (35ЊC, 1 hour) and allowed to recover at 18ЊC for 24 hours. *P Ͻ 0.01 vs basal levels.
vival after stress exposure. In general, the Hsp overexpression represents a ubiquitous molecular mechanism to cope with stress, but animals show individual responses with different thresholds of sensitivity and tissue specificity (Hofmann 1999) . The protein expression analysis indicated the appearance of a 69-kDa Hsp isoform in gills of oysters exposed to thermal stress. The expression of such lower-molecular weight isoforms was first observed in the gills of C gigas (Clegg et al 1998) , and we have shown that this is true also for the mantle of oysters exposed to a temperature of 32ЊC or more (Piano et al 2002) . The Hsp69-mRNA expression analysis reported in this study confirmed that thermal stress induces new synthesis of the 69-kDa protein in gills. Accordingly, transcripts were not detected in control animals and in oysters exposed to 25ЊC, the temperature at which no protein overexpression was detected by Western blotting. Interestingly, the Hsp69-mRNA was not transcribed in the gills of animals exposed to 38ЊC within 3 hours of recovery. This is well in agreement with the absence or extremely low expression of the related protein observed in the gills of O edulis by Western blotting (Fig 3) ; the lack of the cytoprotective response could be related to the high bivalve mortality observed after this treatment. To further analyze such phenomena, the Hsp69-mRNA expression caused by 1 hour of heat shock at 38ЊC was assessed after 24 hours of recovery; Northern dot blot analysis indicated a significant but late mRNA transcription. We can argue that the high temperature partially compromises the biochemical machinery at the base of the heat shock response (both the mRNA transcription or protein translation, or both), which is indeed delayed or reduced, with possible lethal consequence for the animals. In contrast to the gills, Hsp69-mRNA and the corresponding protein were never detected in the digestive glands of oysters exposed to thermal stress. These results might suggest that the oyster digestive glands are scarcely affected by heat and possibly that Hsp70 only acts as a constitutive molecular chaperone in this tissue. Different tissue specificity and temporal patterns of Hsp induction have therefore been observed in O edulis, in agreement with similar observations reported for other organisms in response to stress (Sanders et al 1994; Smith et al 1999) . As observed by other authors (Hofmann and Somero 1995) , different constitutive members of the Hsp70 family are present in the gills of unstressed Mitilidae; in our experimental conditions, the exposure to temperatures Ն32ЊC provoked the overexpression of such proteins, without transient enhancement of any inducible isoform. To our knowledge, no information is available as to the heat shock response in the 2 clams T philippinarum and S inaequivalvis, besides this study. Two constitutive Hsp70 isoforms appeared in the gills of clams under our experimental conditions and, similar to mussels, exposure to temperatures Ն30ЊC provoked their significant overexpression. All mollusks, however, showed a lower expression of Hsp70 at the highest temperature tested (38ЊC for O edulis and 40ЊC for the other bivalves).
Hsps of the 70-kDa family have proven useful as a part of a suite of stress indices for environmental biomonitoring (Snyder et al 2001) . Their use has also been criticized because of the variability of their basal levels in organisms and the variety of stress stimuli, besides heat, responsible for their production (Pyza et al 1997) . In agreement with other authors (Feder and Hofmann 1999) , we have indeed observed that the expression of constitutive Hsp isoforms is highly fluctuating (Piano et al 2002) in the presence or absence of stimuli. In the lucky case of the oysters (O edulis and C gigas), however, the sharp appearance of the Hsp69 may represent per se a clear response to stress, without the need for further quantification. The nonspecificity of the Hsp response remains, however, a limit for the use of these proteins as stress indices, although their evaluation may give interesting indications if used within a battery of biomarkers.
It is a matter of fact that other stimuli besides heat evoke the ''heat shock response'' in animal tissues, from changes in salinity and hypoxia to hydrocarbon and heavy-metal exposure (Snyder et al 2001) . Cd has been shown to induce the Hsp expression in mammalian (Beyersmann and Hechtenberg 1997) and nonmammalian cells (Carginale et al 2002) . Moreover, the accumulation of Cd has been documented for a long time in gills of oysters and other bivalves, and Cd has been reported to stimulate a net increase in MT in several tissues (Viarengo et al 1980 (Viarengo et al , 1985 Roesijadi and Klerks 1989; Bebianno et al 1993; Roméo and Gnassia-Barelli 1995; Lemoine et al 2000) . In our study, the digestive gland was used as the tissue mostly involved in the detoxification phenomena, and gills were chosen on the basis of previous data indicating that in bivalve species dissolved metals are mostly accumulated by these organs, where the greatest MT response is also observed (Viarengo et al 1985; Roesijadi 1986 ). Exposure to increasing Cd concentrations elicited significant increment of both Hsp70 as well as MTs in the 2 tissues. These data indicate that the same stress stimulus, namely Cd, is able to simultaneously enhance the expression of 2 different classes of cytoprotective proteins and that the biochemical machinery at the base of the ''heat shock response'' is activated at the same Cd concentrations eliciting a significant increase in MTs.
Tissues of oysters exposed to Zn did not show changes in the Hsp70 or MT content at any concentration tested. Unclear observations about the effect of Zn on MT accumulation are reported, but in general, this metal is considered a weaker inducer of MTs in comparison to Cd (Roesijadi 2000) . Zn has also been specifically reported as a weak inducer of MT synthesis in oysters (Alonso and Martin-Mateo 1996) .
The combination Cd ϩ Zn was tested at the highest metal concentration (500 g/L) used in previous experiments, and it caused significant increment of the Hsp70 expression and the MT content in both the gills and the digestive gland. Remarkably, in all cases, the effect of the combination Cd ϩ Zn was lower than the effect of Cd alone. This could be ascribed to a lower water-filtering rate by the animal exposed to such high amounts of contaminants; however, an interaction between the metals or a competition during their cellular uptake could be another possible explanation for the reduced effect of Cd. In Perna viridis, for example, the preexposure to Zn has a negative effect on Cd assimilation and potentially reduces Cd uptake (Blackmore and Wang 2002) ; Meshitsuka et al (1987) reported that cadmium uptake is inhibited by Cu(II) and affected by Zn(II) in cultured cells.
A last but interesting observation has been produced by some experiments carried out to evaluate the Hsp70 expression after heat exposure, in which the gill and digestive gland MT content has also been measured. As shown in Figure 6 , in both tissues, the MT level had significantly increased after 1 hour exposure at 35ЊC. Previous data (Serafim et al 2002) showed that MT synthesis induced by heavy metals is greater at higher temperature, a phenomenon easily correlated with the increased metabolism caused by the higher water temperature. They also noted, however, that MT levels in noncontaminated mussels kept at 25ЊC were significantly higher than in those kept at 5ЊC. Both reports, therefore, suggest that a direct effect of temperature on the MT gene expression must be taken into account that would imply the presence of a heat-inducible element on the MT-gene promoters. This hypothesis is indeed supported by a recent study in which a heat shock factor-binding site has been found along the distal part of a M galloprovincialis MT promoter sequence subjected to functional analysis using specific algorithms (Dondero and Viarengo 2001) . More work is needed in this direction.
Taken together, the present observations give further insights into the tissue-and species-specificity of the heat shock response; moreover, the simultaneous activation of 2 different cytoprotective mechanisms in oysters exposed to Cd or to heat was shown. The physiological meaning of such effects will challenge future research, leading to a more complete knowledge of bivalve response to stress and in general to a better understanding of cross-protection phenomena.
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